A generalization of the single soil layer variable infiltration capacity (VIC) land surface hydrological model previously implemented in the Geophysical Fluid Dynamics Laboratory general circulation model (GClVO is described. The new model is comprised of a two-layer characterization of the soil column, and uses an aerodynamic representation of the latent and sensible heat fluxes at the land surface. The infiltration algorithm for the upper layer is essentially the same as for the single layer VIC model, while the lower layer drainage formulation is of the form previously implemented in the Max-Planck-Institut GCM. The model partitions the area of interest (e.g., grid cell) into multiple land surface cover types; for each land cover type the fraction of roots in the upper and lower zone is specified. Evapotranspiration consists of three components: canopy evaporation, evaporation from bare soils, and transpiration, which is represented using a canopy and architectural resistance formulation. Once the latent heat flux has been computed, the surface energy balance is iterated to solve for the land surface temperature at each time step. The model was tested using long-term hydrologic and climatological data for Kings Creek, Kansas to estimate and validate the hydrological parameters, and surface flux data from three First International Satellite Land Surface Climatology Project Field Experiment intensive field campaigns in the summer-fall of 1987 to validate the surface energy fluxes.
Introduction
The problem of how to represent the land surface in general circulation models (GCMs) used for climate simulation and numerical weather prediction has drawn the interest of climate modelers, and increasingly, hydrologists and systems ecologists. Manabe [1969] used Budyko's "bucket" model to represent land surface hydrology at the global scale, and variations of the bucket model have been used in most GCMs. with terrain, soil and vegetation heterogeneities have been motivated by studies such as that of Avissat and Pielke [1989] who showed that spatial heterogeneity in vegetation can have significant effects on temperature and precipitation. Entekhabi and Eagleson [1989] examined the effects of subgrid spatial variability of soil moisture and storm precipitation via statistically derived expressions for the hydrologic fluxes based on the assumed subgrid soil and precipitation variability. J.S. Famiglietti and E.F. Wood (Multiscale modeling of spatially variable water and energy balance processes, submitted to Water Resources Research, 1993) developed a model of water and energy balance based on the concept of a topographic index, which allows the local fluxes of each grid element to be aggregated by statistical integration of the local fluxes over their respective spatial probability density functions.
In this paper we describe a land surface hydrological model suitable for incorporation in GCMs that is a generalization of the variable infiltration capacity (VIC) model described by Wood et al. [1992] and implemented in the Geophysical Fluid Dynamics Laboratory (GDL)-GCM by $tarnrn et al. [1994] . The soil moisture algorithm is a generalization of the Arno model [Francini and Pacciani, 1991] in which the infiltration, evaporation, soil moisture and runoff generation vary within an area (or within a grid cell in GCMs). Simplifications of the Arno model, using the traditional beta function representation of evapotranspiration, have previously been incorporated in GCMs [$tarnrn et al., 1994; Damenil and Todini, 1992] . However, there are major differences between the two-layer VIC model developed here and the earlier versions incorporated in the GFDL and Max-Planck-Institut (MPI) GCMs. Both of the earlier schemes have a single soil layer, and neither explicitly represents vegetation in the surface energy flux. $tarnrn et al. [1994] concluded that "... the results over North American and Eurasia [suggest] the need to represent the surface hydrology with a two layer soil system ..."
The current model is comprised of a simple two-layer characterization of the soil column and uses an aerodynamic representation of the latent and sensible heat fluxes at the land surface based on a simplified SVATS-type representation of vegetation cover. The infiltration algorithm in the VIC model can be interpreted within the context of a spatial distribution of soils of varying infiltration capacities. It allows different types of vegetation to be present simultaneously. It does not, at present, account for the spatial variability in precipitation.
Model Description
The model characterizes the subsurface as consisting of two soil layers. The surface is described by N+I land cover types, where n = 1, 2, . . . , N represents N different types of vegetation, and n = N+I represents bare soil. There is no restriction on the number of vegetation types, but in the interest of model parsimony, N will almost always be less than 10. The vertical and horizontal characterizations are shown schematically in Figure 1 . The land cover types are specified by their leaf area index (LAI), canopy resistance, and relative fraction of roots in each of the two soil layers. The evapotranspiration from each vegetation type is characterized by potential evapotranspiration, together with canopy resistance, aerodynamic resistance to the transfer of water, and architectural resistance. Associated with each land cover class is a single canopy layer, soil layer 1 (upper zone) and soil layer 2 (lower zone). The upper layer (soil layer 1) is designed to represent the dynamic behavior of the soil column that responds to rainfall events, and the lower layer (soil layer 2) is used to characterize the slowly varying between-storm soil moisture behavior. The lower layer only responds to rainfall when the upper layer is wetted and thus can separate the subsurface flow from storm quick response. Roots can extend to layer 1 or layers 1 and 2, depending on the vegetation and soil type. For the bare soil class, there is no canopy layer. In the present form of the model, the soil characteristics (that is, the distribution of water holding capacities, as described below) are the same for all land cover classes. However, each cover class may have different soil moisture distributions at each time step. Infiltration, drainage of moisture from layer 1 to layer 2, surface runoff and subsurface runoff are computed for each cover type. The total latent heat flux transferred to the atmosphere, total sensible heat and ground heat fluxes, the effective surface temperature, and the total surface runoff and subsurface runoff are then obtained by summing over all of the surface cover classes. 
Canopy
where the first term represents the fraction of the time step for which no evaporation occurs from the canopy interception storage, and the second term represents the fraction of the time step for which both evaporation from the canopy and transpiration occur.
Evaporation from bare soil is extracted only from layer 1; bare soil evaporation from layer 2 (E2) is assumed to be zero. 
When
This approach accounts for the subgrid variability in soil moisture within the area covered by bare soil.
Canopy Layer Water Balance
The water balance in the canopy layer (interception) can be described by where Pt[n] is the throughfall of precipitation which occurs when Wim[n ] is exceeded for the nth surface cover class.
Surface Runoff From Bare Soil
Surface rimoff is computed using the formulation for infiltration given by equation (13).
The Xinanjiang formulation, which is described in detail by Wood It should be mentioned that the procedure described above is not iterative in the same sense as the procedure used to solve for the surface temperature from equation (34) 
Snow
When snow is present, the model is coupled with a singlelayer, energy-and mass-balance snow accumulation and ablation model [Wigmosta et al., 1994] . At the snow-air interface, the energy exchange is described by the net radiation, sensible heat, evaporation from the water in the snowpack and sublimation or condensation, and the heat advected to the snowpack by rainfall. The snow-ground interface is assumed to be a zero energy flux boundary. Snow albedo is determined based on snow age. The present version of the snowmelt model does not consider fractional snow coverage; it is assumed that the entire area is covered by a uniform depth of snow if a snowpack is present. (equation (13) ), the soil pore size distribution index Bp, the residual moisture content 0r, the saturated hydraulic conductivity K, (equation (20) ), the three base flow related parameters D•, Din, and W s (equation (21) (equations (6)-(8) ).
Parameter Estimation

The test location for the model was the FIFE (First International Satellite and Land Surface Climatology Project
Among the hydrological parameters, only three (bi, D.e and Ws) would best be estimated using streamflow data if they are available (it should be noted that both A•. and i o in equations
(15) and (18) are not model parameters, they are evaluated at each time step). The other hydrological parameters can be estimated using, for instance, soil characteristics. Clearly, for application in GCMs, global parameter estimation using streamflow data is infeasible; for GCM applications Damenil and Todini [1992] have suggested values for bi, D s, and W s. An ongoing research topic, which will be investigated in the Global Energy and Water Experiment Continental Scale International Project (GCIP), is to develop regional relationships for GCM hydrological parameters. However, because streamflow data were available for Kings Creek, we made use of the observed data to estimate bi, D•, and W s. , 4 cr (J':l, 2), K s, B,, 0r, f•[ll,f2[1 ], Un(Z2), do[1 ],   Zo[1], ro[1], roe[l], and LAI[1,m] (m=l, 2, . . . , 12) 
In order to estimate b i, D s, and W s through calibration, we need to know E [1] and rw[1 ], in addition to other parameters like Wf, Wf
we also used E [1] via the Hamon method for the between-IFC periods to allow continuous computation of soil moisture (needed as initial values during the IFCs). The daily
Ep[1] computed using the Hamon formula was compared with the daily Ep[ 1] obtained using Penman-Monteith's equation for the 35 days of the 1987 FIFE IFCs. The comparison indicated that the Hamon equation gives smaller E_[ 1 ] estimates, but the pattern over the 3S-day period was ramilar for both E [1]
estimates. Therefore we scaled the Hamon estimates to have the same mean as the Penman-Monteith estimates, using an adjustment factor ke, which was determined to have a mean of 1.64 with a standard deviation of 0.70 over the 35 days. The scaled Hamon estimates were used for the long-term hydrologic water balance computations, except during the IFC periods, when the data needed for computation of the Penman-Monteith Ep[ 1 ] were available. During the IFC periods, Ep[ 1 ] and rw[ 1 ] were estimated by the Penman -Monteith mdthod and by  equation (3) , respectively.
For the 35 days of the IFCs, we calculated an average aerodynamic resistance (equal to the inverse of the product of the drag coefficient from equation (4b) and the wind speed under the assumption that the resistance to the transfer of momentum and water are equal). This average aerodynamic resistance was then used for the purpose of estimating the hydrological model parameters, and for computing the soil moisture at the beginning of the first IFC and between IFCs (but not for validation of the energy fluxes during the IFCs reported in section 4). The average aerodynamic resistance over the 35 days was 40.8 s/m with a standard deviation of 29.7 s/m. This value is within the range given for short grass and crops by Monteith and Unsworth [1990] . Since the roughness length of many crops decreases as wind speed increases, the inverse of aerodynamic resistance is approximately a constant over a range of low wind speeds. The daily average wind speed during the 35 days was 2.38 m/s, and the aerodynamic resistance (40.8 s/m) was taken as constant for the estimation of the three hydrological parameters. In addition, we did not correct for atmospheric stability, primarily to assure compatibility of Ep[1] between the IFCs and during the longer period of hydrological water balance simulation, when the data needed to make the corrections were not available. However, the stability correction given by equations (3) [1993] reported that evapotranspiration was not observed to be limited by soil moisture in the 20%-30% range, and they took 18% as the wilting point instead, which we also used as our estimate. In this study we used 70% of field capacity as our critical point (we found via sensitivity analysis that almost the same results were obtained when the critical point was 75% of field capacity). Ks. , Bp, O r were taken as 6.44 mm/h, 0.16, and 0.01 m, respectively, following Famiglietti and Wood (submitted paper 1). Since the vegetation is dominated by grass, we assumed that all the roots are in the upper zone (i.e., Figures 5a and 5b show predicted and observed stream flow for 1986 and 1987, 2 years not in the calibration period. Generally, the results are consistent with those of the calibration period: the dry period flows are fairy well represented, as is the timing of the major peaks, but the magnitudes of the peaks, especially the largest ones, are subject to major errors. In this study, streamflow prediction is not a goal per se, instead, our purpose in evaluation of the predicted hydrographs is to provide evidence that the model is producing a reasonable soil water balance. To this extent, the hydrograph simulations were judged adequate.
Model Validation
After estimating the hydrological model parameters, we used the FIFE surface fluxes and meteorological measurements for the summer of 1987 to test the model predictions of latent heat, sensible heat and ground heat fluxes, and the surface temperature. We used the Kings Creek precipitation network, as well as the precipitation, air temperature, and downward solar and long-wave radiation composited from the PAM and flux stations by Betts et al. [1993] to test the model heat fluxes and surface temperature. Results are shown in Figures 6, 7 , and 8 for parts of the June, July, August, and October IFCs. Figure 6 shows part of IFC 2 (from June 30 -July 11). There were precipitation events on June 30 and July 7. On the rest of the days, there was little or no rainfall. During this period, the latent heat flux for dry days was typically about 400 W m -2 . The model predicted the latent heat and sensible heat fluxes fairly well, except that it somewhat underpredicted the July 9, 10, and 11 latent heat fluxes and overpredicted the sensible heat fluxes on the same days. These days were characterized by relatively high winds, high potential evaporation, and high soil moisture. The surface temperatures agree with the observed ones quite well, but the magnitude of the diurnal cycle of the ground heat flux was underpredicted on some of the days. In general, the model performed quite satisfactorily, especially given its simplicity. There are some caveats in interpretation of the results. First, the FIFE site is a native grassland, which is characterized by a single vegetation type. Therefore the portion of the model dealing with heterogeneous vegetation was not exercised in these tests, so the effects of certain associated simplifications are not reflected in the results. A second, related limitation is that since the FIFE vegetation is all grassland, the algorithms dealing with trees, which usually extract moisture from the lower, rather than the upper, soil moisture zone have not been exercised. We have, however, implemented the model for a tropical forest application in connection with the Project for Intercomparison of Land-surface Parameterization Schemes [Pitman et al., 1993; Liang et al., 1993 ], and the model results were comparable to those of most of the participating models.
Conclusions
We have described a land surface model designed for application within coupled land-atmosphere-ocean GCMs. The model is formulated to be applied as a fully coupled water and energy balance system. The land surface hydrology is a generalization of the VIC (variable infiltration capacity) model which incorporates a two-layer description of the soil column, in which the upper layer is characterized by the usual VIC spatial distribution of soil moisture capacities, and the lower layer is spatially lumped, and uses the Arno [Francini and Pacciani, 1991] drainage term. The model partitions the area of interest (e.g., grid cell) into N+I land surface cover types; for each land cover type the fraction of roots in the upper and lower zone is specified. Evaporation and transpiration are parameterized by a Penman-Monteith formulation, applied separately to bare soil and vegetation classes. Evaporation from water intercepted by the vegetation is also represented. In addition, the model contains an energy-based snow accumulation and ablation parameterization.
Although the model is formulated for a fully coupled application within a GCM, it can also be run "off-line" using observed energy and water fluxes (or their surrogates, especially in the case of radiation forcings) as forcings. The importance of off-line simulation for this particular model is that it allows that hydrologic parameters to be calibrated so as to maintain long-term, observed water balances. This was accomplished, in the absence of long-term (multiple year) radiation data, using surface air temperature as a surrogate (via Hamoffs method) to estimate the potential evapotranspiration. With estimates of potential evapotranspiration, the land surface hydrology parameters can be estimated using observed precipitation and streamflow. This approach is an important 14,427 We tested the approach using long-term hydrologic and climatalogical data for Kings Creek, Kansas; the estimated surface energy fluxes were then tested using FIFE data for selected days of the 1987 IFCs. The model performed quite well, giving encouragement that the VIC approach to parameterizing the spatial variability in the land surface properties, coupled with a simplified vegetation model, may be sufficient to represent the land surface fluxes at the GCM scale. Nonetheless, it must be emphasized that the model testing to date is for a small area and a specific land cover and climate; further testing will be required at other sites where detailed surface flux data are available b•fore the model can be considered to be globally validated. This latter concern, however, is not limited to our model alone; a major thrust of such projects as GCIP, and large-scale field experiments such as Boreal Ecosystem-Atmosphere Study (BOREAS), is to provide better large area surface moisture and energy flux data for validation of GCM land surface algorithms. The approach we have reported may be considered as a candidate protocol for future validations of GCM land surface parameterizations.
